Objective: To determine patient and injury variables that influence fluid requirements following burn injury and examine the association between fluid volume received and outcome. Background: Fluid resuscitation remains the cornerstone of acute burn management. Recent studies suggest that patients today are receiving more fluid per percent total body surface area (TBSA) than in the past. Therefore, there is a need to better define the factors that impact fluid requirements and to determine the effects of fluid volumes on outcome. Methods: This study was part of a federally funded multicenter study. Multilinear regression analyses were performed to determine the patient and injury characteristics that most influenced fluid resuscitation volumes received. To assess the association of fluid volumes on outcome, propensity scores were developed to provide a predicted volume of fluid for each patient. Logistic models were then used to assess the impact of excess fluid beyond predicted volumes on outcome. Results: Seventy-two patients were included in this analysis. Average patient age was 40.6 years and average TBSA was 44.5%. Average fluid volume received during the first 24 hours after injury was 5.2/mL/kg/TBSA. Significant predictors of fluid received included % TBSA, age, intubation status, and weight. Increased fluid volume received increased risk of development of pneumonia (odds ratio ͓OR͔ ϭ 1.92), bloodstream infections (OR ϭ2.33), adult respiratory distress syndrome (OR ϭ 1.55), multiorgan failure (OR ϭ 1.49), and death (OR ϭ 1.74). Conclusion: TBSA, age, weight, and intubation status on admission were significant predictors of fluid received. Patients who received larger volumes of resuscitation fluid were at higher risk for injury complications and death. F luid resuscitation remains the cornerstone of early burn management. Adequate fluid administration is critical to the prevention of burn shock and other complications of thermal injury. Eighty years after Frank Underhill's observations on the critical importance of fluid resuscitation on survival following major burn, 1 a perfect formula for predicting fluid requirements remains elusive despite decades of research and debate. [2] [3] [4] [5] [6] In addition, controversy persists over the best method to determine fluid volume necessary to prevent the complications of hypovolemic shock.
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(Ann Surg 2007;245: 622-628) F luid resuscitation remains the cornerstone of early burn management. Adequate fluid administration is critical to the prevention of burn shock and other complications of thermal injury. Eighty years after Frank Underhill's observations on the critical importance of fluid resuscitation on survival following major burn, 1 a perfect formula for predicting fluid requirements remains elusive despite decades of research and debate. [2] [3] [4] [5] [6] In addition, controversy persists over the best method to determine fluid volume necessary to prevent the complications of hypovolemic shock. [7] [8] [9] [10] [11] [12] [13] The Parkland formula has been used to estimate appropriate volumes of fluid resuscitation for over 40 years. Based on a number of studies in animal models, Baxter and Shires determined that adequate fluid resuscitation can be achieved in the majority of patients by using 3.7 to 4.3 mL/kg/% TBSA of crystalloid solution. 3, 14 However, more recent evidence suggests that the Parkland formula does not accurately predict fluid requirements, particularly in patients with larger burns, and that patients today are receiving more fluid per-percent TBSA than in the past. 8, [15] [16] [17] [18] Cancio et al reported that the Parkland formula underestimated fluid requirements in 84% of patients. 15 Friedrich et al compared the volume of fluid resuscitation delivered in the first 24 hours after injury to 10 patients in the 1970s with age and % TBSA-matched patients in the year 2000 and found the patients in 2000 received over twice the volume of resuscitation. 17 In a multicenter survey, Engrav et al found that 58% of patients with large burns received more than 4.3 mL/kg/% TBSA. 16 Pruitt has la-beled this trend toward larger volumes of fluid administered "fluid creep." 19 Concerns over administered fluid volumes are predicated on the belief that fluid volume can be critical to the development of organ failure, infections, and death. The potential sequelae of underresuscitation involve complications of inadequate perfusion, including hypovolemic shock, renal failure, and the conversion of partial thickness wounds to full thickness wounds. There has similarly been increasing emphasis on the potentially deleterious effects of massive volumes of fluid resuscitation, including extremity, orbital and abdominal compartment syndromes, acute respiratory distress syndrome (ARDS), prolonged periods of ventilator dependence, and increased mortality. 18,20 -22 As awareness of the potential negative sequelae of large fluid volume administration increases, the need to better define the factors that can impact fluid requirements and the need to understand the effects of larger fluid volumes have similarly increased. Baxter initially identified 3 risk factors for fluid requirements above volumes predicted by the formula: excessively deep burns with muscle necrosis, inhalation injury, and delay in resuscitation. 5, 23 Several other patient and clinical variables may also impact fluid requirements. 8, 10, 11, 13 The Inflammation and Host Response to Injury is a collaborative program supported by the National Institute of General Medical Sciences designed to better define the proteomic and genomic response to injury. In the context of this large cohort study, we set out: 1) to evaluate the relationship between injury characteristics and volume of resuscitation, and 2) to examine the relationship between volumes of fluid resuscitation and adverse outcomes.
METHODS
This is a retrospective cohort study evaluating the relationship between fluid resuscitation and outcome following thermal injury. The principal exposure of interest is the receipt of excessive volumes of resuscitation fluid and the outcomes of interest are infectious and noninfectious complications and mortality.
Patient Recruitment
The 72 subjects who form the basis of this report are the initial cohort of adult patients enrolled in an ongoing multicenter study of inflammation. The participating burn centers are listed in Table 1 . Permission for the conduct of the study was obtained from each individual institution's Human Subjects Committee and patient consent for enrollment was obtained within 48 hours of admission to the burn center. The following criteria were required for adult patient enrollment: age Ն18 years, burn size Ն20% TBSA, no other concomitant trauma, and admission to the study center within 96 hours of injury. Patients who were not resuscitated and placed on comfort care were not eligible for the study.
Data Collection
Clinical data were prospectively collected by trained nurse abstractors and entered into TrialDb, a web-based data collection platform specifically adapted for this program. Data integrity was evaluated centrally through an assessment of missing values, range checks, evaluation for implausible values, and internal consistency. Additionally, data were validated through an external review of a random sample of charts by a physician and an independent chart abstractor.
Diagnosis of inhalation injury was determined by the standard practice of the participating institution (either by clinical history/physical examination or bronchoscopy). The diagnosis of pneumonia was based on quantitative culture when available or sputum samples with counts Ͼ3ϩ of a single organism with radiographic evidence of pneumonia and leukocytosis. The diagnosis of ARDS required acute onset of bilateral infiltrates, a PaO 2 /FiO 2 ratio of Ͻ200 regardless of PEEP, a pulmonary capillary wedge pressure of Ͻ18 if a pulmonary artery catheter was in place or absence of congestive heart failure if a pulmonary artery catheter was not in place. Bloodstream infections were based on positive blood culture. Other complications of injury, including renal failure, cardiac arrest or myocardial infarction, pulmonary embolism, gastrointestinal bleed, or pneumothorax were categorized as "events."
Data Analysis Fluid Volumes
Total fluid volumes (including colloid and crystalloid) administered in the first 24 hours following injury were examined in 2 ways: as a function of the predicted volume requirements based on the Parkland formula (Parkland score) and as a function of the patient's weight (fluid-weight score) as described by Ivy et al. 20 Parkland scores were calculated as total fluid volume (mL)/(4 ϫ wt (kg) ϫ TBSA). Fluidweight scores were calculated for each patient as total fluid volume/wt (kg). T tests and Fisher exact test tests were used to compare injury and outcome variables between patients who received above and below 250 mL/kg of fluid.
Outcome Analysis
Incidence of ARDS, multiple organ failure and bloodstream infections, total number of infections, total number of complications, and mortality status at time of discharge were determined for each patient. Multiple organ failure was defined as having a maximum Denver Score Ն4 (Table 2) . 24 The crude relative odds of adverse outcome per 5 L of fluid administered were estimated for each patient based on total volume of fluid received in the first 24 hours following injury. All adverse outcomes were considered independently, without consideration for potential interactions.
To adjust for other variables that may confound the relationship between volume resuscitation and outcome, a Inclusion in the prediction model was determined by regression of baseline and injury characteristics against total fluids administered in the first 24 hours following injury, with a P value of Ͻ0.10 used to determine inclusion. Logistic regression models were then used to study the relationship between patient outcome and deviation from predicted fluid requirement where deviation from predicted fluids was calculated as the relative percent increase (or decrease) over predicted: ͓(fluids received Ϫ fluids predicted)/fluids predicted͔ ϫ 100. The percentage deviation from predicted was categorized as less than or equal to predicted (reference); 0% to 25% above predicted; Ͼ25% predicted.
RESULTS

Baseline Patient and Injury Characteristics
Seventy-six patients were enrolled in the study at the time of data analysis. Complete fluid and outcome data were available for 72 patients, and these form the subjects of this analysis. The 4 patients who were still hospitalized at the time of analysis were excluded. Baseline and injury characteristics of the 72 patients are summarized in Table 3 and Figure 1 . The majority of burns were caused by flame or flash injuries (76% and 11%, respectively). Average patient age was 40.6 years (range, 18 -86 years) and average total body surface area burned (% TBSA) was 44.5% (range, 20%-90%). Patients were admitted to the burn center 3.4 hours following injury (range, 1-12 hours) and had an admission APACHE II score of 20.1 (range, 6 -36). Inhalation injury was diagnosed in 30 patients (42%). Average base deficit was 4.5 (range, Ϫ9 to 15) on admission to the burn center.
Fluids Administered
A summary of fluids administered over the first 48 hours following injury is shown in Table 4 . The average total volume of fluid administered over the first 24 hours following injury was 17.2 L (Ϯ9.4 L); nearly all fluid was crystalloid. This fluid volume is equivalent to an average of 5.2 mL/kg/ TBSA (Parkland score of 1.3). Average hourly urine output in the first 24 hours following injury was 1.1 mL/kg per hour.
Patient Outcomes
Patient outcomes are shown in Table 5 . Overall mortality was 25%; 21% of patients developed multiple organ failure. Bloodstream infections occurred in 11% of patients, and 35% of patients developed ARDS. A total of 54% of patients developed pneumonia, and all but 2 of these patients had a pneumonia diagnosed by bronchoalveolar lavage. On average, each patient had 3.1 nosocomial infections and 3.2 other hospital events. Three patients were diagnosed with abdominal compartment syndrome. These 3 patients had an average TBSA burn of 47% and received an average of 18.8 L of fluid in the first 24 hours following injury.
Predictors of Fluid Requirements and Effects of Fluids on Outcome
For each 5 L increase in fluid received, there was a significant increase in the unadjusted odds of developing pneumonia (OR ϭ 1.92; CI, 1. Since baseline injury characteristics are associated with both fluid requirements and outcome, we developed a multivariate prediction model to estimate fluid requirements as described in Methods. Multivariate regression identified 4 parameters strongly predictive of fluid received: % TBSA, age (inversely), weight, and intubation status on burn center admission ( Table 6 ).
The impact of excessive fluid received in excess of predicted affects the development of complications as shown in Table 7 . For fluids in excess of 25% of predicted volumes, the estimated increase in odds for adverse outcome were: ARDS (OR ϭ 1.69; CI, 0.48 -5.9), pneumonia (OR ϭ 5.67, CI, 1.1-29.1), multiple organ failure (OR ϭ 1.6; CI, 0.38 -6.6), bloodstream infections (OR ϭ 2.9; CI, 0.51-16.5), and 
Fluid Analysis by Parkland score and Fluid/Weight Score
Comparison of patients stratified by Parkland score and fluid/weight score (above or below 250 mL/kg) is shown in Table 8 . There was no statistically significant difference in the incidence of multiorgan failure, total number of nosocomial infections, incidence of ARDS, and mortality rate between patients who were stratified by a Parkland score above and below 1.5. Similarly, no difference in patient outcome was found when dichotomizing patients by a Parkland score of 2.0 (data not shown). However, when stratified by fluid weight score, differences in injury characteristics and outcome were significant. Patients who received over 250 mL/kg of crystalloid in the first 24 hours following injury had significantly higher incidence of multiple organ failure (34% vs. 13%), total nosocomial infections per patient (4.8 vs. 2.2), incidence of ARDS (50% vs. 27%), and mortality (42.3% vs. 15.6%). The patients who received over 250 mL/kg of fluid also had larger burn size and higher rate of inhalation injury.
DISCUSSION
Decisions regarding fluid resuscitation comprise a critical component of the early care of the thermally injured patient. However, despite the development of simple formulae and guidelines for fluid administration, a great deal of controversy over fluid resuscitation remains. 6, 12, 14, 25 Recently, a trend toward the administration of larger fluid volumes has been noted, and the potential negative impact of this practice has similarly received a great deal of atten- 
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Association of Fluid on Outcome tion. 8,16 -19,22 The Inflammation and Host Response to Injury multicenter study provides the unique opportunity to study the patterns and sequelae of fluid resuscitation on a large cohort of patients with major burn injuries.
Traditionally, increased fluid requirements have been attributed to increased burn depth, presence of inhalation injury, and delay in initiation of resuscitation. 5, 23 Cancio et al recently demonstrated that burn size and need for mechanical ventilation were associated with increased fluid requirements and that weight was inversely related to fluid requirements. 15 In this study, multivariate analysis showed that burn size, need for intubation prior to admission, weight, and age (inversely) were all important predictors of fluid volume administered. However, time to admission and inhalation injury were not predictors of increased fluid volumes administered. The finding that inhalation injury was not found to be a significant predictor of fluid requirements was surprising since inhalation injury has been repeatedly found to be associated with increased fluid requirements. 26 -28 The inclusion of both admitted on ventilator and inhalation injury in the fluid requirement regression model is the most likely explanation, as there is a strong interaction between these 2 variables. The majority of patients with inhalation injury (28 of 29) were also intubated prior to admission to the burn center.
The relationship between fluid volume received and patient outcomes was analyzed in 2 ways: using odds ratios and logistic regression on excess fluid beyond predicted. In the former analysis, there was s a significant increased risk of developing ARDS, pneumonia, bloodstream infections, multiple organ failure, and death with increasing fluid requirements. After adjustment for patient and injury characteristics that might confound the relationship between fluid and outcome, there was again a trend toward increase risk of adverse outcome, including death when fluid received exceeded predicted fluid requirements by more than 25%. These findings confirm the hypothesis that increasing volumes of fluid (or fluid creep as termed by Pruitt) may be associated with negative sequelae. 16 -22 Severely burned patients clearly require large volumes of fluid resuscitation to ensure adequate organ perfusion and minimize the risk of renal failure. Therefore, the increased risk of adverse outcome attributable to fluid volume may not be entirely avoidable, and may indeed be a reflection of overall severity of injury and/or an individual's response injury. While urine output has been questioned as an adequate tool to assess systemic perfusion, 8,29 -32 the fact that average hourly urine output in this study was 1.1 mL/kg per hour suggests that larger volumes of fluid than needed may have been administered in some cases. However, controversy remains over the best tool to assess adequate systemic perfusion during fluid resuscitation. 9, 29, 30, [33] [34] [35] [36] [37] [38] Another goal of this study was to assess the predictive value of 2 different formulae used to assess fluid volumes. The Parkland formula is the most widely used method for estimating fluid resuscitation volumes. Patients requiring vol- umes in excess of those predicted by the formula are often thought to be "failing" resuscitation and, accordingly, be at increased risk for development of complications of their injury. However, in this study we found that resuscitation volumes 1.5ϫ or even 2.0ϫ predicted levels were not statistically significantly associated with the development of infections, ARDS, multiorgan failure, or mortality. Conversely, we found that dichotomizing patients based on received fluid volumes Ͼ250 mL/kg appeared to better predict the development of infectious and noninfectious complications. This finding suggests that complications may be related more to the absolute total volume of fluid received irrespective of burn size. The threshold of 250 mL/kg was first described by Ivy et al who reported that patients receiving Ͼ250 mL/kg of fluid are at increased risk for development of abdominal compartment syndrome. 20 Based on these findings, Ivy et al suggested that patients who receive this volume of fluid warrant consideration for decompressive laparotomy. Receiving over 250 mL/kg of fluid during the first 24 hours following burn was also recently found to be predictive of the need for orbital compartment release for elevated intraocular pressure. 22 However, the use of a fluid score that is not adjusted for burn size, inhalation injury, and other injury variables that impact volume requirements can limit the score's utility as a predictor of outcome. Clearly, patients with large burns will be likely to receive volumes in excess of 250 mL/kg simply by the extent of their injury, and accordingly, would be the patients who one would predict to be at increased risk for adverse outcome. As shown in Table 8 , patients who received larger fluid volumes had larger burn size, and worse APACHE II scores and initial Denver scores. Further investigation is required to better elucidate the significance of fluid volume thresholds in predicting outcome and their utility in guiding clinical management.
While the multicenter design of this study offered the benefit of a large cohort of with extensive burn injuries, there are a number of potential limitations. Whereas practice guidelines were developed for subjects in the trial, individual surgeon and institution preferences in terms of both critical care management and surgical management may vary slightly between institutions. Combining the patients from different centers with different practices could influence the data and bias the results toward a center with more patients enrolled. In addition, this study includes only adults, which may limit the study's generalizability to pediatric patients. Accordingly, a separate study of the pediatric burn patients in this study is warranted and is currently underway.
Finally, despite the use of statistical models to adjust for the injury and patient characteristics that confound the relationship between fluid and outcome, it is still difficult to fully account for the complex interactions between injury and outcome, as well as the potential interactions of one outcome on another. Many of the outcome variables studied are competing risks; clearly, a patient who dies can no longer develop ARDS or multiorgan failure. This complicates the ability to directly examine the effects of fluids received on individual outcome measures. However, a separate analysis that did account for death as a competing risk yielded evidence that excess fluid volumes are associated with some negative outcomes (data not shown). Furthermore, there may be a physician-driven component to fluids received that is independent of injury factors. For example, the average hourly urine output was 80 mL, which is above the typical target of 0.5 mL/kg per hour. This suggests that excessive fluid may have been administered as a result of a decision by the treating physician or emergency department staff not captured in the data collected.
CONCLUSION
The % TBSA burn, patient age, weight, and intubation status prior to admission were found to significantly influence fluid requirements in the first 24 hours following burn injury. This study also confirmed that large volumes of resuscitation fluid are associated with increased risk of infectious complications, ARDS, and death, supporting the long-held hypothesis that overresuscitation may negatively impact patient outcome. Clearly, additional studies utilizing prediction models to better define a critical threshold for fluid administration may increase our understanding of this impact of fluid on outcome. Finally, in addition to the patient and injury characteristics analyzed in this study, one must consider the potential contribution of the genomic component of an individual's response to injury to the development of complications and mortality. Understanding the role of these genetic factors may better elucidate fluid volume needs and the subsequent risk for complications. These analyses are currently underway as part of the larger goal of this collaborative study.
